Aims/hypothesis Diabetes results from an insufficient insulin-secreting beta cell mass. Restoration of beta cell mass through pharmaceutically induced endogenous beta cell mass expansion may revolutionise diabetes therapy. However, it remains to be determined whether the induced beta cell mass expansion is under homeostatic regulation. Methods Beta cell mass expansion rates were derived from three separate studies of continuous stimulation of islet neogenesis, including the partial duct obstruction of euglycaemic Syrian hamsters, administration of a pentadecapeptide with the same amino acid sequence as residues 104-118 of islet neogenesis-associated protein ) to euglycaemic Syrian hamsters, as well as to euglycaemic CD-1 mice. The incidence of islet neogenesis, average beta cell size, and beta cell replication and apoptotic rates were determined. Results Partial duct obstruction led to a õ2.5-fold increase in endocrine tissue at day 56 (p<0.05). From day 0 to day 7 the average rate of change of islet area was 12.7% per day, and this rate decreased to 5.3% per day from day 7 to day 42, and to 2.8% per day from day 42 to day 56. Administration of INGAP [104][105][106][107][108][109][110][111][112][113][114][115][116][117][118] to adult hamsters led to a 31% increase in total beta cell mass at day 30 (p=0.031).
the last decade it has been recognised that tight glycaemic control can prevent diabetes-associated complications [4] [5] [6] . To date, the only means of achieving such stringent control has been the restoration of beta cell mass through pancreas or islet transplantation, which results in near-perfect control of blood glucose levels without hypoglycaemic episodes that are associated with intensive insulin therapy [7, 8] . Pancreas transplantation is currently far more successful in maintaining long-term reversal of hyperglycaemia than islet transplantation, which is still an emerging technology [9] [10] [11] . However, both approaches are limited by the shortage of available organs and the need for chronic immunosuppression. Thus, novel strategies need to be developed that increase the insulin-producing beta cell mass.
An innovative alternative to islet replacement by transplantation is the induction of islet cell neogenesis, i.e. the growth of new insulin-producing cells from noninsulin-producing progenitors. This approach is appealing since the need for organ donation would be removed as a limiting factor. Moreover, the pharmacological induction of islet neogenesis has been confirmed to lead to beta cell mass expansion and reversal of hyperglycaemic states in various animal models [12] [13] [14] [15] . However, it is possible that the stimulation of cell differentiation and expansion could potentially lead to the unrestricted growth and hyperfunction that is characteristic of neoplasia [16] . For example, unbridled islet neogenesis, termed nesidioblastosis, was initially reported in 1938 [17] . Similar cellular mechanisms associated with islet neogenesis, including phenotypic dedifferentiation and increased cellular proliferation, are implicit in the transformation of cells to a cancerous state [16] . Moreover, growth factors used to stimulate islet neogenesis have also been associated with various cancers [16, [18] [19] [20] . It is therefore of utmost importance to determine if pharmaceutically induced beta cell mass expansion remains under homeostatic control.
Previous work does indeed suggest that the beta cell mass is responsive to changing metabolic demands. In the pregnant rat the beta cell mass initially expands and then involutes following parturition, closely matching beta cell mass to the prevailing metabolic demands [21, 22] . This regulation of beta cell mass may also be operative in humans, as increased islet neogenesis and beta cell mass expansion in the presence of obesity have been reported [3] . Comparable cell mass regulation has also been observed in lacrimal glands and breast tissue [23] [24] [25] [26] [27] [28] [29] .
Accordingly, we hypothesise that in the setting of continual induction of islet neogenesis, homeostatic cellular mechanisms regulate beta cell mass to meet the prevailing functional needs. In order to test this hypothesis a new analysis of beta cell mass expansion dynamics was performed using data from two previously reported studies [14, 30] . To acquire additional corroborating data, an analysis of chronic pharmacological stimulation of islet cell neogenesis in a third study was performed in which total beta cell mass, neogenic beta cell mass, and average beta cell size, replication and apoptosis were determined.
Materials and methods
Data from three separate animal studies are reported: (1) partial duct obstruction (PDO) of euglycaemic adult hamsters [30] ; (2) administration of a pentadecapeptide with the same amino acid sequence as residues 104-118 of islet neogenesis-associated protein ) to euglycaemic hamsters [14] ; and (3) administration of INGAP 1104-118 to euglycaemic mice. All animal studies were performed in accordance with the guidelines set out by the Canadian Council of Animal Care and McGill University.
Animal models
Partial duct obstruction Experiment 1, first described in 1983, involved the partial duct obstruction of adult female Syrian hamsters (Charles River Breeding Laboratories, Syracuse, NY, USA; n=24) by performing a midline laporotomy and wrapping the head of the pancreas with a 2-mm wide piece of cellophane tape or sham operation [30] . After 7, 42 and 56 days, hamsters were anaesthetised with sodium pentoarbital, and a thoracotomy performed. Tissues were perfused with a solution of 1% gluteraldehyde and 4% formaldehyde, and the pancreas was then removed and post-fixed in 10% formalin and processed for immunohistochemical analysis.
Administration of INGAP
104-118 to euglycaemic hamsters Experiment 2, first described in 2004, involved administration of INGAP 104-118 (a Reg family member) to 8-week-old female Syrian hamsters (Charles River Breeding Laboratories, St Constant, QC, Canada; 250 μg twice daily; n=30) or an equivalent volume of saline (n=20) [14] . After 10 and 30 days, hamsters were anaesthetised with sodium pentobarbitol (40 mg/kg body weight, i.p.) and killed by exsanguination. The pancreas was removed, blotted on tissue paper, weighed, fixed in 10% formalin and processed for immunohistochemical analysis.
104-118 to euglycaemic mice Experiment 3 involved the administration of INGAP [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] to 6-8-week-old CD-1 mice (Charles River, MA, USA) for 31 days (0, 50, 500 or 2,500 μg once daily, i.m.; n=40) or for 90 days (0, 1000, 2500 or 5000 μg once daily, s.c.; n=78). Animals were killed by cervical dislocation, the pancreas excised, blotted, weighed, fixed in 10% formalin and processed for routine immunohistochemistry.
Immunohistochemistry
Pancreatic sections, 4-5 μm thick, were de-waxed in xylene, and endogenous peroxidase activity was blocked using a 3% solution of hydrogen peroxide in methanol (for sections to be stained with 3,3 ¶-diaminobenzidine tetrahydrochloride [DAB; Sigma-Aldrich Canada, Oakville, ON, Canada]). Sections were then washed in PBS and incubated with blocking buffer (Zymed Laboratories, San Francisco, CA, USA) for 15 min at room temperature. Slides were stained with one or more primary antibodies, including insulin (guinea pig anti-porcine, 1:1,000; Dako Diagnostics Canada, Mississauga, ON, Canada); proliferating cell nuclear antigen (PCNA) (mouse anti-rat, clone PC10, 1:100; Dako Diagnostics Canada) and TUNEL detection kit (Roche, Laval, QC, Canada). Slides stained for PCNA and TUNEL were incubated with 0.1 mol/l citrate buffer for 9 min at 90-C for antigen retrieval before primary antibody application. Slides were incubated with primary antibodies overnight at 4-C before being washed in PBS and incubated with the secondary antibodies for 20 min (Histostain Plus Kit; Zymed Laboratories, San Francisco, CA, USA) or 1 h (rhodamine-conjugated anti-guinea pig, 1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at room temperature. After washing in PBS, immunofluorescent sections were cover-slipped using Vectashield (Vector Laboratories, Burlingame, CA, USA) and light sections were incubated with either horseradish peroxidase or alkaline phosphatase conjugate (Histostain Plus Kit) for 20 min, and developed using DAB or New Fuchsin (Dako), respectively. All light immunohistochemical slides were counterstained with Harris_ haematoxylin (Sigma-Aldrich) and cover-slipped using Permount (Fisher Scientific, Ottawa, ON, Canada).
Determination of beta cell mass
Percentage beta cell area was determined through analyses of insulin-stained sections as previously described [31, 32] . Histological sections were analysed using an Olympus BX60 microscope and Image-Pro Plus software, version 4.0 (Olympus Canada, Markham, ON, Canada; experiments 1 and 2), or using a Zeiss Axioskop 40 microscope and Northern Eclipse software, version 6.0 (Empix Imaging, Mississauga, ON, Canada; experiment 3). Islets from insulin-stained sections were identified, traced and thresholded using the software system to determine the stained tissue area. The total pancreatic tissue area was also measured and the percentage beta cell area calculated. This percentage was then multiplied by the weight of the excised organ to derive the beta cell mass.
Classification of neogenic beta cell mass was performed as previously described [15, [31] [32] [33] . Duct-associated neogenic beta cell structures were categorised as small (<500 μm 2 , as determined by the image analysis system) insulin-positive clusters associated with the ductal epithelium (Fig. 1a) . Acinar-associated neogenic beta cell structures were categorised as small (<500 μm 2 ) acinarassociated structures devoid of any other juxtaposed endocrine cells (Fig. 1b) . Focal areas of neogenesis were categorised as structures characterised by disorganised insulin-positive staining with apparent infiltration of ductassociated cells (Fig. 1c,d ).
For the analysis hamster pancreases with partial duct obstruction (experiment 1), percentage islet area was used as a surrogate for beta cell mass. Briefly, the number of islets per mm 2 of pancreatic tissue and the average islet size were determined by manually tracing a minimum of 100 islets per animal. Total islet area was then determined by multiplying the average islet size by the number per mm 2 .
Determination of beta cell size, replication and apoptosis Average beta cell size, replication and apoptotic indices were determined for mice administered saline or INGAP 104-118 for 31 or 90 days (2,500 μg/day) in experiment 3. The total number of beta cell nuclei and the number of PCNA-positive beta cell nuclei and TUNELpositive beta cell nuclei were determined using the Northern Eclipse image analysis system (Empix Imaging). Average beta cell size was then determined as total insulin area divided by total number of beta cell nuclei for each animal. Beta cell replication indices were determined as the number of beta cell PCNA-positive nuclei divided by total number of beta cell nuclei (average number of nuclei counted/animal: 3670T411; n=5 INGAP [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] , n=4 saline for each time point). Apoptotic indices were determined as total number of TUNEL-positive nuclei divided by total number of beta cell nuclei for each animal (average number of nuclei counted/animal: 2,858T340; n=5 for each time and treatment).
Beta cell mass dynamics
The average daily rate of change of islet area (experiment 1) or beta cell mass (experiment 2) was determined by subtracting the initial value from the islet area of the next time point and dividing by the number of days between time points. Curves predicting islet or beta cell mass expansion dynamics were derived from islet area or beta cell mass from each treatment group, expressed as a percentage of age-matched control animals (Fig. 7) . The beta cell mass dynamics curve for experiment 3 was constructed using the beta cell mass from mice in the 2,500 μg/day group.
Statistical analyses
All values are reportedTstandard error of measurement. The Student_s t test or one-way ANOVA were performed where appropriate. Results with a p value of <0.05 were considered significant.
Results
Following partial duct obstruction, average islet size initially decreased (day 7) before increasing thereafter by õ25% (day 56, p<0.05; Fig. 2a ). Islet density (the number of islets per mm 2 ), however, was consistently double that of control animals (p<0.05; Fig. 2b ), resulting in an approximately 2.5-fold increase in islet area by day 56 (p<0.05; Fig. 2d) . Administration of INGAP 104-118 to euglycaemic hamsters induced a 2.5-fold increase in total duct-associated beta cell mass (p=0.004; Fig. 3a) and an approximate threefold increase in acinar-associated neogenic beta cell mass (p<0.001; Figs. 1b and 3b) [14] . Total beta cell mass had increased by 44% at day 10 and 31% at day 30 relative to saline control hamsters (p=0.031; Fig. 3c ) [14] . This increase of 44% corresponds to an initial beta cell mass expansion rate of 148 μg/day (from day 0 to day 10). The average rate of expansion then decreased to 45 μg/day (from day 10 to 30; Fig. 3d ) representing a reduction in the rate of beta cell mass expansion of õ70%.
Following the administration of INGAP 104-118 to euglycaemic CD-1 mice, a dose-dependent increase in total beta cell mass was observed at 31 days (mean total mass: 0.83T0.09, 1.40T0.25, 1.78T0.37 and 1.84T0.36 mg for 0, 50, 500 and 2,500 μg/day, respectively; p=0.021; Fig. 4a ). At 90 days of treatment there was no difference in total beta cell mass between any of the groups (mean total mass: 1.87T0.15, 1.55T0.12, 1.88T0.13 and 1.69T0.18 mg for 0, 1,000, 2,500 and 5,000 μg/day, respectively; p=0.30; 104-118 for 90 days (n=20 per group, except for the 5000 μg/day group, where n=18). c Density of small duct-associated insulin-positive clusters in 90-day-treated animals (n=8 per group). d Density of focal areas of neogenesis in 90-day treated animals (n=8 per group). *p<0.05 vs saline control mice Fig. 4b) . The observation that the beta cell mass was not different from control animals at 90 days, despite the persistence of a neogenic stimulus, led us to investigate the potential mechanisms of beta cell mass expansion and involution in the CD-1 mice.
To investigate whether the degree of beta cell neogenesis differed between control mice (saline) and those administered INGAP 104-118 for 90 days, neogenic structures were quantified from insulin-stained slides. In INGAP 104-118 -treated mice, the number of small duct-associated neogenic structures doubled (p=0.029; Figs. 1a and 4c) Fig. 5a ). This result, together with the observation that the total beta cell mass of the INGAP 104-118 -treated mice did not differ from that of control animals (p=0.30; Fig. 5b ) suggests that there is a corresponding increase in beta cell loss to maintain the beta cell mass at control levels (Fig. 5c) .
In order to determine if beta cell atrophy, decreased replication or apoptosis could account for this proposed beta cell loss, analyses of average beta cell size, replication rate and apoptotic index of 31-day and 90-day control and INGAP 104-118 -treated mice were performed. There were no significant differences in average beta cell size (119.1T5.7 vs 128.4T3.9 μm 2 , p=0.18; Fig. 6a Fig. 6a ). Conversely, there was a concomitant decrease of õ50% in the beta cell replication index (0.79T0.17% vs 0.35T0.05%, p=0.048) of INGAP 104-118 -treated mice (Fig. 6b) . When beta cell apoptosis was analysed at 31 days by TUNEL, no significant difference was observed between the control and I N G A P 1 0 4 -1 1 8 -tr eate d mice (0.132 T0.0 27% vs 0.091T0.035%, p=0.33, respectively; Fig. 6c,e) . In contrast, following 90 days of treatment there was an approximately fourfold increase in TUNEL-positive beta cells in I N G A P 1 0 4 -1 1 8 -t r e a t e d m i c e ( 0 . 0 7 9 T0 . 0 2 1 v s 0.313T0.016%, p=0.003; Fig. 6c ).
Discussion
There is accumulating evidence from different animal models suggesting that pancreatic beta cell mass is dynamic and changes to accommodate the body_s needs [21, 22, 32, [34] [35] [36] [37] . Here we report that regulatory mechanisms do indeed appear to be operative in the regulation of the insulin-producing beta cell mass, even in the setting of continual stimulation of islet neogenesis. Moreover, the data reported herein suggests that this regulation occurs through decreased beta cell replication and increased beta cell apoptosis.
Although the three studies of induced islet expansion analysed in this report were somewhat different in design, they all shared an initial increase in beta cell mass followed by an involution of this expanded beta cell mass towards age-matched control levels (Fig. 7) . This expansion and subsequent involution is similar to that observed during pregnancy and post-partum periods in rodents [21, 22] . During pregnancy the beta cell mass of the gravid female almost doubles in response to the increased metabolic -treated mice, derived from values in a and b. *p<0.05 vs saline control mice demands and altered hormonal milieu [21, 22] . However, shortly after birth, when the hormonal environment and metabolic demands revert to the non-pregnant state, the expanded beta cell mass involutes, returning to normal levels through beta cell atrophy, increased beta cell apoptosis and decreased beta cell replication [22] . This mirrors quite closely what we have observed in the setting of continual stimulation of islet neogenesis.
The dynamic and highly complex nature of these homeostatic mechanisms is highlighted by the increase in average beta cell size in those animals treated with the Reg3 family member INGAP 104-118 for 90 days. This is perhaps somewhat counterintuitive, since beta cell hypertrophy would contribute to an expansion of the beta cell mass, not involution, as was seen in 90-day treated mice. However, this finding must be viewed in the context of an approximate 50% reduction in beta cell replication concomitant with a fourfold increase in apoptotic beta cell death. This observation of beta cell hypertrophy following 90-day INGAP 104-118 stimulation is in agreement with what has previously been reported in isolated rodent islets [38] . Interestingly, the over-expression or administration of Reg1 has been shown to lead to an increase in beta cell mass through an increase in beta cell replication, although beta cell size was not assessed in these studies [39] [40] [41] [42] . The increase in beta cell replication following Reg1 administration contrasts with our study, as we observed that beta cell mass more than doubled following 31 days of treatment in mice, without a concomitant increase in average beta cell size, PCNA labelling of beta cells, or a decrease in TUNEL-positive beta cells. This suggests that the increase in beta cell mass comes from an increase in islet neogenesis. Thus, INGAP 104-118 may lead to beta cell mass expansion through a different mechanism than that of the other Reg family members.
Even though enhanced beta cell apoptosis and decreased beta cell proliferation appear to be responsible for the involution of the expanded beta cell mass, the underlying stimulus prompting involution is not readily apparent. The fact that plasma glucose and insulin levels in saline-and INGAP 104-118 -treated hamsters are not significantly different would suggest that other factors are responsible for triggering the process of involution [14] .
Beta cell involution can result from removal of a beta cell growth/survival factor, the direct stimulation of beta cell death, or both. For example, administration of gastrin is associated with beta cell growth and decreased beta cell apoptosis in the setting of pancreatic regeneration [15] . This suggests that removal of gastrin-stimulated growth could aid in the involution of beta cell mass. Furthermore, gastrin has been shown to regulate the expression of pancreatic Reg genes, suggesting another means of beta cell mass regulation [43] . On the other hand, elevated levels of cytokines, specifically, IL-1β, TNF-α and IFN-γ, are directly linked to increased beta cell apoptosis [44] . Thus, it is possible that decreased levels of growth factors, as well as increased levels of cytokines could be responsible for initiating the involution of the expanded beta cell mass in our models. We are currently furthering our understanding of the control of endogenous Reg protein and, more specifically, INGAP expression, which may also play a role in these models [45] .
Recent information supports the effectiveness of islet neogenesis therapy to reduce HbA 1c values [46] . The finding that continual stimulation of islet cell neogenesis does not result in unbridled beta cell mass expansion, suggests that induction of islet neogenesis would be a safe therapy for individuals with diabetes. However, there may still be some issues to resolve. For example, islet neogenesis can occur through one of three pathways: stem cell activation, direct transdifferentiation of mature cell phenotypes, or indirect transdifferentiation of mature cell phenotypes. The direct transdifferentiation pathway is simply the differentiation of a mature cell into an insulin-producing cell without the cell going through a primordial stage, and is suggested by the morphological observation of extra-islet duct-and acinar-associated single beta cells [14, 32, 33] . Indirect transdifferentiation involves the dedifferentiation of previously terminally differentiated cells into a more primitive cell phenotype followed by redifferentiation into a mature beta cell [15, 32, 47, 48] . This metaplastic transformation of acinar tissue, leading to the induction of so-called tubular complexes, has been observed in many different models of pancreas regeneration and islet expansion [13, 15, 19, 32, 48, 49] . The significance of these ductlike structures with respect to carcinogenesis remains to be fully explored. Metaplastic transformation of acinar tissue has not been observed in any of the rodent studies of INGAP 104-118 administration. Even though the induction of beta cell mass expansion does occur in a regulated manner, there still remains the question as to whether or not pharmaceutical expansion of the insulin-producing cell mass will prove effective in ameliorating both type 1 and type 2 diabetes. Results from clinical Phase IIa proof of principle trials suggest that new beta cells can be formed in the setting of both types [46] . It remains to be determined whether, and to what extent, these newly formed beta cells are protected from the autoimmune insulitis that characterises type 1 diabetes [50] .
In conclusion, continual stimulation of islet neogenesis does not lead to unregulated cell expansion. Heightened beta cell apoptosis and diminished beta cell replication serve to regulate induced beta cell mass expansion to meet the body_s prevailing needs. This therapeutic approach seems to currently have the greatest potential in the setting of type 2 diabetes, although with advances in immunosuppression, it could be justifiably applied in the setting of type 1 diabetes. 
